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INTELLIGENT DESIGN GUIDANCE 
Robert Ian Whitfield, Alex H.B. Duffy, Zhichao Wu, Joanne Meehan 
Abstract 
This paper presents results from an investigation regarding the use of the Design Structure 
Matrix (DSM) as a means to guide a designer through the calculation of numerical 
relationships within the early design system Designer. Characteristics, relationships and goals 
are used within Designer to enable the evaluation and approximation of the design model and 
are represented within the system as a digraph. Despite being a useful representation of the 
interactions within the design model, the digraph does not aid the designer in identifying a 
sequence of activities that need to be performed in order to evaluate the model. The DSM 
system was used to represent the characteristics and the dependencies obtained through the 
relationships. The sequence of characteristics within the DSM was optimised and used to 
produce a design process to guide the designer in model evaluation. The objective of the 
optimisation was to minimise the amount of iteration within the design process. The process 
enabled a designer who is unfamiliar with the model to evaluate it and satisfy the design goals 
and requirements. Both the DSM system and the Designer system are generic in nature and 
may be applied to any design problem.  
Keywords: Numerical knowledge modelling, Design Structure Matrix, optimisation. 
1. Introduction 
The Designer system has been demonstrated in the handling of numerical relationships among 
characteristics or properties of a designed object [1,6]. This system is currently being re-
implemented to take advantage of more recent programming languages and artificial 
intelligence techniques. One aspect of the system enables the production of a directed-graph 
(digraph) displaying the characteristics as nodes and the relationships as arcs, with the 
direction of the arc representing the direction of the dependency. The digraph is a useful 
representation of the interactions between the characteristics of a design artefact and further 
illustrates the complexity of the artefact. It is however extremely difficult for a designer using 
the digraph alone to determine a suitable sequence of activities to update characteristic values, 
evaluate expressions, and to satisfy the goals and requirements. For example the case study 
presented for the concept design for a bulk carrying ship, consists of approximately fifty 
characteristics with a similar number of relationships with a resulting digraph that appears to 
be highly inter-dependent. Despite having a great deal of functionality to investigate the 
network of characteristics and relationships, the Designer system currently has no mechanism 
to guide the designer with respect to a sequence of activities to update and evaluate 
characteristics, relationships and goals. The Designer system will shortly be applied to 
significantly larger design problems containing hundreds of characteristics and relationships, 
and the requirement for additional design assistance and guidance will become of greater 
importance. The Designer system is described within Section 2. 
The Design Structure Matrix [2,9] has been adopted as a modular add-on to the Designer 
system to provide additional functionality with respect to representing the information 
contained within the digraph. In addition to this, the sequence of activities with respect to 
updating and evaluating may be determined and optimised using a Genetic Algorithm, to 
reduce the number of characteristics that are required to have their values estimated in order 
to start an iterative loop. The DSM is used not only as a modelling technique but as an 
intelligent design guidance assistant, to inform the engineering designer of the best sequence 
of activities to be undertaken, as well as prompting the designer for characteristics to be 
updated, relationships to be evaluated, iteration to be conducted and goals to be checked. The 
DSM system is described within Section 3, with a description of the problem within Section 
4, and finally concluding within Section 5. 
2. Description of the Designer system 
This section describes the system called Designer that may be used for the manipulation of 
numerical relationships that frequently occur within the concept design stage. A more detailed 
description of the system, its functionality, and the rationale regarding its operation may be 
found in [6,7]. The objective of Designer is to facilitate a partnership between the user and the 
system through an improved representation of numerical knowledge modelling. In particular, 
it was identified [1] that the partnership should support the following features: 
• Accept and represent a designer’s description of the design problem. 
• Assist the designer in describing and evaluating solutions to the problem. 
• Allow the designer to impose their method of solving a problem. 
• Permit expansion or modification of the problem and its solution during the design 
process. 
• Carry out small design subtasks as required. 
• Explain itself and its reasoning process. 
• Handle numerical values and relationships in a way that is meaningful to the designer. 
To facilitate this partnership the system should operate on information at the same level of 
abstraction as the designer, rather than in some level that is computer oriented. It must 
therefore be able to formally represent the designer’s intentions and descriptions; to recognise 
patterns in the information and apply appropriate methods to assist the designer; and, to 
monitor and explain its own actions. The Designer system was not originally intended to be a 
complete answer to these requirements, but rather an experimental system to evaluate the 
approach and to obtain a fuller understanding of a user’s needs when working with the 
system. The resulting system provided an explicit representation of numerical relationships, 
together with the facility to define a “model” of relationships and explore the behaviour of 
that model in a flexible but controlled way. Figure 1 represents the concept of the Designer 
system. 
Knowledge of the design concept is represented within a model that may be altered 
interactively. While the system allows the user to investigate a model’s condition 
(characteristics’ value) and behaviour (characteristic interactions), it does not remove the 
creative and decision making aspects of design from the designer. 
The Designer system uses numerical design knowledge in that the model upon which the 
system acts represents knowledge of design characteristics (such as length or deadweight) and 
of their relationships. This knowledge can be visualised as a directed graph (digraph) in 
which the nodes represent characteristics and the arcs represent dependencies as contained in 
numerical relationships between the characteristics. Figure 2 shows the Designer system 
software with a digraph representing the characteristics and relationships for a bulk carrier. 
Each node and its associated arcs represent a block of knowledge about a characteristic (for 
example, its meaning, numerical value, a set of possible relationships, and conditions for use). 
Characteristics may have associated with them conditions that must be satisfied before its 
value will be calculated or updated. Additionally, relationships may have conditions that act 
to limit its validity, and many relationships can be associated with a single characteristic. In 
any situation a relationship is used if it satisfies its validity conditions and used if appropriate 
information is available. 
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Figure1.  The Designer system concept. 
The Designer system provides the user with functions that allow progress through the design 
process (such as, estimate a characteristic’s value, update a value, and plotting the values of 
characteristic A over a range of values of characteristic B). Characteristics and relationships 
within the model can also be defined or redefined interactively. This permits flexibility and 
allows both the system and the model to be modified to any particular needs of any designer. 
The relationships are expressed as Java methods, which are stored, compiled and linked to the 
relationships automatically by the system. The Java programming language makes 
relationship evaluation an extremely flexible and powerful process, in particular through the 
use of the extensive Java libraries. 
Relationships can be displayed, allowing the user to understand their structure. A simple 
description of a characteristic may be given; for example, freeboard means the distance 
between the depth and the draught. Alternatively, a more detailed explanation may be given, 
including the simple description along with the characteristic’s current value, a list of 
pertinent relationships, and a list of characteristics that depend on the characteristic. 
Advice can be given to help the user make decisions during the design process. This advice is 
based on the use of “strengths”, which may be thought of as local measures of the influence 
between two characteristics. This gives the user a numerical indication of the consequence of 
a change to a value of one characteristic upon another. A number of functions use these 
strengths to advise the user while they proceed through the design process. 
 
Figure 2.  The Designer system showing characteristics and relationships. 
Duffy [1] undertook an investigation of the Designer system with respect to usability, and 
identified that: “the system’s (non-graphical command-driven) interface needs to be enhanced 
to provide a comfortable and effective interactive medium”. The current version of the 
Designer system – Figure 2, goes some way towards achieving this, however it was felt that 
users of the system that were unfamiliar with the characteristics and relationships contained 
within the model may have difficulty in identifying a systematic approach to satisfying the 
design goals. In particular, within Figure 2, it is not apparent from the dependency network 
for the bulk carrier, where an appropriate starting point with respect to setting characteristic 
values and evaluating relationships may exist. Section 3 describes a software implementation 
of the Design Structure Matrix, and how this may be used to guide the designer in evaluating 
the model and satisfying the goals. 
3. Description of the DSM system 
The Design Structure Matrix, has been extensively used to represent tasks and their 
dependencies. The DSM was originally constructed to consist of a sequence of tasks that are 
represented in the same order in both the row and column of the matrix [2,5,9]. The central 
part of the matrix represents the dependencies between the tasks. Steward [9] originally 
represented the dependencies in a binary form: 0 to indicate no dependency, and, 1 to indicate 
a dependency, however, the modelling technique has evolved to consider the weight of the 
dependencies, as well as consideration of the matrix and the dependencies as representing 
concepts other than the flow of information [10]. The DSM modelling and analysis system 
was constructed with the focus of providing mechanisms to enable the optimisation of 
matrices with respect to any number of pre-determined performance metrics – Figure 3. 
 
Figure 3. The DSM system. 
The system allows the creation of matrices containing any number of concepts with the matrix 
changing size automatically as concepts are added or removed. The state of a dependency 
within the matrix may be changed from independent to dependent as well as changing the 
weight (or importance) of the dependency, which is reflected by its colour. The system is 
intended to be an aid to the designer to improve their understanding of the relationships 
within the model and enable “what-if” scenarios to be investigated with respect to reordering 
the concepts both manually and automatically using optimisation. The system provides a 
representation of a model that requires knowledge and experience of that representation to 
interpret the results. 
Within the context of the Designer system, the concepts in the rows and columns represent 
the characteristics, and the dependencies represent the relationships between the 
characteristics. If a characteristic Z uses characteristics W, X and Y within its relationship, 
the associated dependencies would be represented with the maximum strength (1.0) within the 
matrix. In addition, if characteristic A uses characteristics B, C and Z within its relationship, 
the dependencies for B and C would again be 1.0, however the dependency for Z would be 
the next lower strength (0.9). This weighting mechanism is applied through a back-
propagation of all relationships to the lowest strength relationship (0.1). The associated matrix 
is a densely populated transformation of the information contained within the digraph. The 
alternative sparsely populated transformation is achieved through the consideration of direct 
relationships only. Examples of these two transformations may be seen within Figures 5 and 
6. The associated densely populated matrix increases the amount of information that is used 
within the optimisation process and in determination of the design process. The effect of 
using either the densely or sparsely populated matrices on the design process is discussed 
within Section 4. 
The design process may be manipulated manually by dragging either of the rows or columns 
into a new position whilst simultaneously re-calculating the performance metrics, assisting 
the user in the determination of an improved process. Alternatively, the matrix may be 
optimised using one of the optimisation algorithms available within the optimisation module. 
Within this research, the general procedure for Genetic Algorithms developed by Goldberg 
[4] has been used to enable the evolution of optimal design processes. The objective of the 
GA in this application is to minimise a criterion that represents the number of occasions that 
characteristic’s values would have to be estimated. Achieving this objective would result with 
a process that is entirely sequence with no iteration. A design process that requires estimation 
of characteristic values may also necessitate iteration in order to verify the initial estimates. 
The Genetic Algorithm is illustrated within Figure 3. The GA developed within this system is 
generic in nature using object-oriented design techniques and allows the encoding of a 
sequence of any type of information. Within this application, the chromosome is initially 
encoded as a random sequence of characteristics, however this may be changed without 
modifying any aspect of the GA to represent a sequence of cities within the Travelling 
Salesman Problem for example. Randomising the sequence of characteristics within the 
chromosome attempts to ensure that the chromosome represents a unique point in the solution 
space, such that a group of chromosomes are randomly distributed throughout. In the case of 
the DSM problem, the group of chromosomes, or initial population, generally represent 
sequences of characteristics that have poor performance criteria. 
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Figure 4. A general structure for genetic algorithms. 
The chromosomes are then evaluated within the DSM with respect to the performance 
metrics. In this application, the Scott partitioning algorithm is used as the performance metric 
[8], however the Genetic Algorithm may be used to estimate multiple objectives. The Scott 
partitioning – Equation 1 is similar to Gebala partitioning [3] except that each dependency is 
weighted with respect to its distance from the bottom left-hand corner. The weighting is also 
greater for dependencies above the leading-diagonal. Minimisation of this criterion will 
primarily reduce the size and number of iterative blocks, as well as attempt to move the 
dependencies into the bottom left-hand corner. 
 ( )∑ ∑= = ×Ω= ni nj jiji w1 1 ,,ngPartitioniScott  1 
where:    n is the number of characteristics in the DSM, 
     i and j are the row and column indices, 
     wi,j are the dependency weights, and, 
     ( )[ ]( )2, 11 −+×=Ω njji  for j<i 
     ( )[ ]( )2, 1100 −+×=Ω njji  for i<j. 
4. Problem and results 
The bulk carrier model described by Duffy [1] and represented within Figure 2 was used 
within the investigation. The model consists of 49 characteristics, 35 relationships, and 5 
goals. The characteristics that do not have any associated relationships are considered to be 
independent and may have their values inputted by the user. Table 1 describes the goals for 
the design problem. 
The characteristics and relationships were incorporated within the matrix – Figure 5a. 
Characteristics that directly used other characteristics in their relationships were given the 
strongest dependency with a weighting of 1.0, whereas characteristics that indirectly involved 
other characteristics were given a weighting that was proportional to the level of propagation.  
 
Cargo Deadweight (DWT) >= 26900 tonnes 
Endurance (END) = 19200 Nt. miles 
Freeboard (FBD) > Required freeboard (REQFBD) 
Service Speed (Vs) = 15 knots 
Volumetric capacity (VOL) > Required capacity given a constant stowage factor 1.27 m3/tonne 
Table 1. Bulk carrier design goals. 
The sequence of characteristics within the rows or the columns of Figure 5a represent the 
sequence of actions to be undertaken to evaluate the model. Three different types of activities 
exist: inputting a characteristic’s value; evaluating a characteristic’s value; and, estimating a 
characteristic’s value in order to evaluate a value. An inputting activity is represented by a 
row within the matrix that has no dependencies across the row, i.e. it is an independent 
characteristic. An evaluation activity is represented by a row within the matrix that has 
dependencies of strength 1.0 at any point across the row. Lower strength dependencies 
indicate that other characteristics should be evaluated prior to the evaluation of this 
characteristic. These lower strength activities play a significant role during the optimisation 
process by providing the model with a more detailed description of the precedence within the 
matrix than would be achieved through a transformation of direct dependencies only. Finally, 
estimation takes place for a characteristic that has a dependency of weight 1.0 to the right of 
the diagonal, followed by the evaluation of the associated characteristic. 
  
Figure 5a & b. Initial and optimised matrices defining characteristics and relationships. 
Figure 5a represents the sequence of characteristics as they were originally defined within the 
model, and due to the large number of strength 1.0 dependencies to the right of the diagonal 
would represent a process that involved a great deal of estimation and iteration. Figure 5b 
represents the sequence of characteristics after optimisation with the objective of minimising 
the amount of iteration within the process. Three main sequences exist within the process: a 
characteristic inputting and evaluation sequence from the characteristics depth to consrate; an 
iterative evaluation sequence from the characteristics pd through to pdb involving the 
estimation of the characteristics pdb, disp and lwt; and, a final evaluation sequence from the 
characteristics vol to reqfbd. 
Figure 6 represents the optimised sparse matrix for the direct dependencies only. It is 
interesting to note that the sequence differs to that of the densely populated matrix within 
Figure 5b. In addition, the matrix consists of only two sequences: an initial characteristic 
inputting and evaluation sequence; and, a larger iterative evaluation and estimation sequence. 
Duffy [1] stated that selecting values for the main dimensions may be simplified by 
estimating a value for the characteristic dwt in order to evaluate the characteristic draught, 
which may be observed as an outcome of Figure 6, however the size of the iterative loop is 
clearly larger in Figure 6, than it is within Figure 5b. 
 Figure 6. Optimised sparse matrix. 
The design process generated within Figure 5b was used to evaluate the bulk carrier model. 
The values for the independent characteristics were based upon results obtained by Duffy [1]. 
The characteristics pdb, disp and lwt, were estimated at 1000 kW, 10 metres and 1000 tonnes 
respectively enabling the iterative loop between characteristics pd and pdb to be evaluated for 
the first time. The loop was re-evaluated based upon the newly evaluated characteristics pdb, 
disp and lwt, of 5285 kW, 12 metres and 5123 tonnes respectively. The initial estimation for 
pdb and lwt can clearly be seen to be quite far away from the calculated values. The iterative 
cycle was repeated twice, resulting with pdb, disp and lwt, settling at values of 5168 kW, 11.8 
metres and 5117 tonnes respectively. The characteristics and goals were evaluated in the final 
part of the design process. The Designer system indicated that all goals had been satisfied 
apart from the Freeboard goal. The approximate value method within Designer was then used 
to determine a value for the characteristic beam that would satisfy the Freeboard goal – 
giving beam = 27.5 metres. The design process was repeated including the iterative cycles 
and the goal evaluation and found to satisfy all of the goals. 
5. Conclusions 
The paper demonstrates the application of the Design Structure Matrix in aiding the designer 
in exploring potential design concepts. A numerical knowledge representation system – 
Designer - is presented that enables designers to construct and investigate concept design 
problems. The system is extended to provide guidance to the designer through information 
generated from the DSM, to enable a reduction in the time taken for a user to explore the 
concept design space and satisfy the design goals. Despite not being fully integrated into the 
Designer system, future work is intended to provide the user with prompts regarding the 
design activities that need to be undertaken on the basis of information generated by the 
optimised DSM. Tests will also be undertaken to determine the affect of this guidance on the 
user’s model learning process and solution times. 
The DSM has seen considerable use in the planning and management of design projects, 
however it has rarely been applied as an assistant to the enactment of a design project. This 
work indicates that the DSM may be used to provide considerable help to the designer in both 
understanding the design problem, and managing and enacting the design activity with the 
result of a considerable reduction in the time taken to generate suitable solutions especially in 
situations where the designer may not have a great understanding of either the Designer 
software of the associated model. These results are further improved with the use of a Genetic 
Algorithm to optimise the sequence of characteristics within the matrix with the aim of 
reducing the amount of iteration within the process, and reducing the time taken to satisfy the 
design requirements. 
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